On the basis of an electron diffraction analysis, the following structural information was obtained on vapour phase toluene molecules: rg(C-C)mean 1.399 ± 0.002 Ä, rg(C-C) 1.511 ± 0.008 Ä, the mean length of the C -H bonds is 1.117 ± 0.005 Ä (rg). The methyl C -H bonds are at least 0.020 Ä longer than the phenyl C-H bonds which are not longer than those in benzene.
E le c tr o n D if fr a c tio n S tu d y o f th e T o lu e n e M o le c u la r G e o m e tr y
Toluene has been a favourite reactant in homo geneous gas kinetics due to its role as a powerful free radical scavenger. The assumed mechanism of its action is that toluene can prevent the develop ment of a chain reaction if the energy of the bond broken in the primary act is larger than the C-H bond dissociation energy in the toluene sidechain, or if the lifetime of the radical formed in the primary process is longer than the time which elapses before it reacts with toluene. Thus toluene generally breaks the chains at the first step and the amount of products, especially dibenzyl, yields quantitative information about the relative extent of the chain reaction. The technique is thus based on the relatively weak C-H bond in the sidechain. Several other bond dissociation energy determinations also point to the fact that a phenyl ring weakens the neighbouring bonds although this influence and thus the C-H bond strength is not known accurately. In the light of a recent study on the correlation between the strength and length of bonds by Szabö and Konkoly-Thege1, it seemed desirable to attempt a determination of the difference between the lengths of the methyl and phenyl C-H bondsla.
A sector electron diffraction investigation of toluene by Keidel ago2 yielded r(C^C) = 1.392 ± 0.005 Ä, r(C 1-C7) = 1.51 ± 0.02 Ä and the weighted average of the C-H bond lengths 1.11 ± 0.02 Ä. The numbering of atoms is given in Figure 1 . This analysis, however, did neither contain a least-squares refinement of the parameters nor provided mean amplitudes of vibration.
Recently, Kreiner, Rudolph and Tan3 have reported the results of a microwrave spectroscopic investigation based on the spectra of five further isotopic species of toluene in addition to that of the most abundant species which had been recorded earlier4. I t was shown that the toluene molecule, disregarding the methyl hydrogens is planar. The substitution coordinates of the carbon and hydrogen atoms adjacent to the ring skeleton were deter mined. These data, however, did not allow the calculation of any rs bond distances. Some rs non-
H6

H5
CA H3 H A Fig. 1 . The numbering of atoms. bond distances could be calculated, however. The various tq structures which could be obtained, were not considered to be satisfactory by the authors3.
Experimental
The present electron diffraction data were ob tained at room temperature with the Balzers KD-G2 apparatus in Oslo5. Four plates (Kodak Electron Image) were chosen from each camera distance of 50 and 25 cm. The wavelength was determined from T1C1 patterns and corrected ac cording to benzene data. The procedure of data reduction was as previously described6. The re duced molecular intensities and radial distributions are shown in Figures 2 and 3 Fig. 3 . Experimental radial distribution curve calculated with an artificial damping factor exp( -as2), a = 0.002 A2. The difference curve referring to the distribution calculated from the parameters of Table 1 is also shown.
Analysis, Results, Discussion
The structure refinement was performed under the following assumptions. In the CßHs group the ring has hexagonal symmetry, all C-H bonds adjacent to the ring are of equal length, and all C -C -H angles are 120°. The CH3 group has Cz\ symmetry. The least-squares m ethod6a was applied to the reduced molecular intensities615.
Two schemes were employed for structural refinement. The Budapest scheme used the mean values and differences both for the C-C and C-H bonds and the bond angle C l -C7-H7, as Table 1 . Bond and non-bond distances in toluene from a least squares refinement, using the Budapest scheme. The C 1-C 7-H 7 bond angle was 107. 6(12) ° in this refinement. The parenthesized values are the standard deviations obtained ignoring non-diagonal elements of the weight matrix. lsp are the mean amplitudes of vibration calculated8 from spectroscopic data.
Atomic
Multi r* (A) H A) Z sp (A pairs plicity C l-C2 6 1.3976 (2) 0.051 (1) Table 2 . Sample of the least squares results from the Oslo scheme. The parenthesized values are the standard deviations obtained using both diagonal and non-diagonal matrix elements. independent parameters. The Oslo scheme used all four bond distances and the bond angle C1-C7-H7, although the methyl C-H bond length was kept constant at various values in most calculations.
The mean amplitudes of vibration (I values) for the two types of each bond were coupled as well as those for some of the nonbond distances. The initial data were taken from benzene and other systems7.
A normal coordinate analysis8 provided calculated mean amplitudes of vibration (and also perpendic ular correction terms) using experimental fre quencies9. This study confirmed our assumption on the differences in the mean amplitudes of vibration both for the two C-C and C-H bonds. The calculated I values are listed in Table 1 .
The influence of the assumption on the relative orientation of the methyl group and the ring was also examined. No defined conformation seemed to be preferred and the changes in the other parameters were negligible except for the C1-C7-H7 bond angle.
The other conditions of refinement including the experimental backgrounds have also been changed repeatedly in both schemes. The length of the ring C-C bond and the C-C bond amplitudes proved to be very insensitive to any changes in the refine ment conditions. The lengths of the C-C bond adjacent to the ring and the C-H bonds changed a little in the Oslo scheme. When both C-H bond distances were refined simultaneously in the latter, the methyl C-H bond distance became especially large and the C-H I values seemed to be too small. What seems to be most important for our later discussion is, that the C-H bond in phenyl has never been found longer than in benzene or, for that matter, than that determined in the Budapest scheme.
A sample of results from the two schemes obtained in different conditions is given in Tables 1  and 2 .
The mean value for the ring C-C bond lengths is very well determined and is strikingly the same as the C-C distance found in benzene10-11. They are compared in terms of different parameters in Table 3 . The ring C-C bond distances change very little in other monosubstituted benzene derivatives as well, as seen from the data collected in Table 4 . It is important to emphasize that there is no parameter type in which the data for all molecules could be compared. Thus the agreement may be good only to the extent that these parameters with different physical meaning may be compared. However, the ring C-C bond distances are not expected to be strongly influenced by the intra molecular motion. The substitution structures determined by microwave spectroscopy also show relatively little variations in the ring C-C distances within the same molecule which is pleasing in the light of the compelled assumption of putting all ring C-C distances equal in the electron diffraction analysis of toluene. As the Budapest scheme used the difference Ar (C-H) as independent parameter, it is interesting to quote this result 0.047 (32) Ä. Since the standard deviation is very large, it is of importance to examine in more detail the reliability of this result. This can be done by Hamilton's R-factor te st17. Since the assumptions implied in the test are not necessarily fulfilled by the electron diffraction R-values, however, the results of the test should be used with caution. Applying the test, a series of refinements were performed with fixed values of Ar(C-H) and varying all the other parameters as in the calculation in which Ar(C-H) was deter mined. According to this test Ar(C-H) is larger than 0.025 Ä on a 99% confidence level and larger than 0.020 Ä on a 99.5% confidence level. A test for the Oslo refinement scheme provided similar results.
A calculation under the assumption that there is only one type of C-H bond gave 1.111 (3) Ä in terms of ra, and 0.081(2) as I. It is then interesting to note that the length of the phenyl C-H bond was found to be 1.098(12)1, cf. Table 1 , or less, cf. Table 2 . Note also that this observation is consistent with the structural data on other monosubstituted benzene derivatives showing the C-H bonds adjacent to the ring to be little different from those of benzene. Some relevant data are given in Table 4 . Here again allowance must be made for comparing parameters with different physical meaning. It is perhaps a safe estimate that rs(C-H) is about 0.005 Ä smaller than rz(C-H). Note again that the phenyl C-H bonds in different positions show relatively little variations.
The electron diffraction results on the length of the phenyl C-H bonds of toluene are in com plete agreement with the microwave spectro scopic data on other monosubstituted benzene derivatives according to which the C-H bonds depend very little on the nature of the substituent, or, what is especially important for the present discussion, show no considerable lengthening.
There is one more evidende for the relative insensitivity of the positions of the hydrogen atoms in the monosubstituted benzene derivatives as compared with benzene, and that is the close similarity of the substitution distances between hydrogen atoms adjacent to the ring. Fortunately these data are available for toluene as well, and they are compared with data on other molecules in Table 5 .
All in all, if the phenyl C-H bonds of toluene are not longer than the C-H bonds of benzene, the reliably determined mean r(C-H) of Table 4 . Ring bond lengths (Ä) and the lengths (A) of the C-H bonds adjacent to the ring in benzene and some of its monosubstituted derivatives. toluene yields that the methyl C-H bonds in toluene are at least 1.126 Ä long, in terms of ra , or 1.131 Ä in terms of rg. The final results18 of this investigation are summarized in the abstract. Some further comparison of bond lengths in related systems is of interest. The C I-C7 bond of toluene is of similar length as the C-C bond in propene (rg 1.506 Ä 19) and is intermediate between the C -C bonds in ethane (rg 1.533 Ä 20) and biphenyl (central bond 1.489 Ä 21). The methyl C-H bond of toluene is int eresting to compare with that in hexamethyl benzene. In the latter rg(C-H) = 1.125 ±0.003 A was found by Karl, Wang and Bauer22. Considering the lengthening of the C-H bonds in the side-chains as compared with the C-H bond length in ethane20, e.g., this effect is expected to be larger in toluene than in hexamethyl benzene.
Finally, we would like to comment upon the possible angular deformations in the ring of toluene. We have calculated the bond angles in the ring using the following data: i) the substitution coordi nates of the hydrogen atoms adjacent to the ring from the microwave spectroscopy measurements3, ii) the electron diffraction ra (C -C) parameter which is not expected to be much different from the rs parameter, and iii) a value of "rs"(C-H) = 1.082 A obtained from the electron diffraction ra (C-H) parameter by subtracting 0.005 A in order to correct for vibrational effects. Thus we obtained the following angles: C6C1C2 118.6°, C1C2C3 120.9°, C2C3C4 120.0°, and C3C4C5 119.5°. These results suffer, of course, from the assumption of using mean values for the C^C and C-H distances, respectively, in addition to the above listed approximations. More reliable values will be produced by microwave spectroscopy when a complete substitution structure will be available. I t is comforting, however, that the above angles are in complete agreement with the observations of Domenicano et al. 23 concerning the angular deformations in a large series of monosubstituted benzene derivatives, and also that the above calculations yielded 1.507 A for the C I-C7 bond which is consistent with our experimental results.
The strength of the C I-C7 bond may be calculated to be 98 kcal • mol-1 by the decrement method1, which is 10 kcal • mol-1 more than for ethane. According to the interpolation formula1 for C-C bonds this corresponds to a 0.025 A change (shortening) as compared with ethane. The strength of the C-H bond in the side chain of toluene is calculated to be 84 kcal • mol-1. Supposing * that the same interpolation scheme can be applied as for the C-C bonds, the estimated lengthening is 0.048 A as compared with the C-H bonds adjacent to the benzene ring. Thus there is consistency between the bond energies calculated by the decrement method and the geometrical charac terization of the toluene molecule.
